Watts T, Barigou M, Nash GB. Comparative rheology of the adhesion of platelets and leukocytes from flowing blood: why are platelets so small? Am J Physiol Heart Circ Physiol 304: H1483-H1494, 2013. First published April 12, 2013 doi:10.1152/ajpheart.00881.2012.-We investigated rheological adaptation of leukocytes and platelets for their adhesive functions in inflammation and hemostasis, respectively. Adhesion and margination of leukocytes or platelets were quantified for blood perfused through capillaries coated with P-selectin or collagen, when flow rate, suspending phase viscosity, red cell aggregation, or rigidity was modified. Independent variation of shear rate and shear stress indicated that the ability of platelets to attach at higher levels than leukocytes was largely attributable to their smaller size, reducing their velocity before attachment, and, especially, drag after attachment. Increasing red cell aggregation increased the number of marginated and adhering leukocytes but inhibited platelet adhesion without effect on the number marginated. Increasing red cell rigidity tended to inhibit leukocyte adhesion but promote platelet adhesion. The effects on platelets may be explained by changes in the depth of the nearwall, red cell-depleted layer; broadening (or narrowing) this layer to greater (or less) than the platelet diameter would decrease (or increase) the normal force applied by red blood cells and make attachment less (or more) efficient. Thus different adhesive capabilities of leukocytes and platelets may arise from their differences in size, both directly because of influence on cell velocity and force experienced at the wall and indirectly through effects of size on margination in the bloodstream and interaction with the cell-free layer. In addition, red cell aggregation (of hitherto uncertain physiological significance) may be useful in promoting leukocyte adhesion in inflamed venules but inhibiting unwanted platelet deposition in veins. blood rheology; leukocyte adhesion; platelet adhesion; margination CIRCULATING LEUKOCYTES and platelets must adhere to the wall of blood vessels to carry out their protective functions in inflammation and hemostasis. Typically, leukocyte adhesion is restricted to postcapillary venules, where the wall shear rate (local velocity gradient) and wall shear stress (frictional drag on the wall) are low (ϳ100 s Ϫ1 and Ͻ1 Pa, respectively) (29, 38). Platelet adhesion is most important in the arterial circulation (with shear rate ϳ1,000 s Ϫ1 and stress Ͼ1 Pa) and, indeed, may be undesirable in slow-flowing veins at risk of thrombosis. Specialized, fast-acting receptors have evolved for the purpose of capture from flow: endothelial cell selectins bind sialylated, fucosylated glycoproteins on leukocytes, and von Willebrand factor (vWF) on collagen matrix binds the glycoprotein Ib complex on platelets (6, 54). The kinetics of these receptor pairs are quite similar (15), suggesting that attachment of the different cells in different regions must depend on their unequal physical cellular properties or interactions with local hemodynamics and blood rheology. However, these inequalities have rarely been explicitly investigated.
CIRCULATING LEUKOCYTES and platelets must adhere to the wall of blood vessels to carry out their protective functions in inflammation and hemostasis. Typically, leukocyte adhesion is restricted to postcapillary venules, where the wall shear rate (local velocity gradient) and wall shear stress (frictional drag on the wall) are low (ϳ100 s Ϫ1 and Ͻ1 Pa, respectively) (29, 38) . Platelet adhesion is most important in the arterial circulation (with shear rate ϳ1,000 s Ϫ1 and stress Ͼ1 Pa) and, indeed, may be undesirable in slow-flowing veins at risk of thrombosis. Specialized, fast-acting receptors have evolved for the purpose of capture from flow: endothelial cell selectins bind sialylated, fucosylated glycoproteins on leukocytes, and von Willebrand factor (vWF) on collagen matrix binds the glycoprotein Ib complex on platelets (6, 54) . The kinetics of these receptor pairs are quite similar (15) , suggesting that attachment of the different cells in different regions must depend on their unequal physical cellular properties or interactions with local hemodynamics and blood rheology. However, these inequalities have rarely been explicitly investigated.
It is predictable that, for a given local wall shear rate, a platelet will travel slower at the wall (immediately before capture) than a leukocyte because of its smaller size and that it will experience a much lower drag on forming adhesive bonds. For a sphere at least, near-wall velocity in a simple laminar flow is proportional to the product of shear rate and cell radius, and drag is proportional to the product of shear stress and radius squared (17) . Since cell velocity will limit time for formation of bonds and drag will increase the rate of dissociation of formed bonds (10) , one can expect that attachment will be possible over a wider range of rates and stresses for platelets than leukocytes, without their needing to evolve even fasteracting receptors. In experimental studies of adhesion from flowing whole blood, leukocyte adhesion to selectins is restricted up to ϳ200 s Ϫ1 (3, 27) , while platelet adhesion to collagen operates at Ͼ1,000 s Ϫ1 (40, 41) . Nevertheless, the hypothesis that differences in leukocyte and platelet adhesive function arise from differences in size has not been tested under directly comparable conditions. Efficient deposition, in any case, is also strongly dependent on delivery of cells to the wall, i.e., margination in the bloodstream. In general, in flowing suspensions, particles migrate inward from the wall at a rate that increases with cell size and ease of deformation (19) . Practically, it has been demonstrated that the tendency of the constituents of the blood to migrate toward the center of a perfused vessel, in decreasing order, is as follows: red cell aggregates, leukocytes, single red blood cells, and platelets (33) . Leukocyte margination increases with decreasing shear rate in vivo and in vitro because of a parallel increase in red cell aggregation; in nonaggregating red cell suspensions, this tendency is lost (18, 34) . Platelet margination may be predicted to be effective under all such conditions, as they are always the smallest cells. In vitro observations of model platelet-sized particles seeded into blood indicated that they were more effectively marginated at higher shear rates and in the absence of red cell aggregation (8, 49) . Also, in perfused microvessels in vivo, platelets were more numerous near the circumference than near the center of vessels, and this effect was more marked at higher shear rate (2, 47, 51) . Interestingly, addition of high-molecular-weight dextran tended to equalize the platelets across arterioles (52) ; although dextran would tend to promote red cell aggregation, the redistribution was not attributed to that phenomenon. Changes in margination have also been linked to the effects of modification of red cell deformability on platelet adhesion (1).
Increasing red cell rigidity was associated with increased deposition on vascular matrix from flow, an effect attributed to increased transport of platelets to the margins.
Once cells are marginated, red blood cells in the more central stream may provide a normal force, pushing them onto the wall and making adhesion more efficient, although this has been demonstrated only for leukocytes (4, 30) . In this context, it should also be borne in mind that there is a red cell-depleted layer near the wall in flowing blood. The depth of this layer depends on vessel diameter, hematocrit, shear rate, red cell aggregation, and red cell rigidity (25) . Observations in glass capillaries or microvessels in animal models generally agree that the depth varies from ϳ2 to 7 m, being on the order of or greater than the diameter of a platelet but less than the diameter of a leukocyte (18, 24, 35, 45, 48, 53) . One might hypothesize, therefore, that the action of red blood cells promoting adhesion will depend on the depth of the depleted layer relative to the size of the adhering cell. The effects of differences in margination and the effects of the cell-free layer on comparative adhesion of leukocytes and platelets have not been examined experimentally.
The foregoing raises important questions about the comparative physical determinants of adhesion of leukocytes and platelets in different regions of the circulation and the effects of variations in blood rheology. We thus compared adhesive behavior of leukocytes and platelets in whole blood and also measured their number and velocity near the wall while systematically varying flow and blood rheology (shear rate and stress together; suspending medium viscosity and, hence, shear stress at constant shear rate; and red cell aggregation and red cell rigidity at constant shear rate). Our results indicate that cell size critically influences function in different regions of circulation, because it affects not only velocity and force at the vessel wall, but also delivery to and interaction with the red cell-depleted layer. In addition, variations in red cell aggregation and rigidity may have essentially opposite effects on evolution of inflammatory and thrombotic responses.
MATERIALS AND METHODS

Blood Collection and Content
Blood was withdrawn from the antecubital vein of healthy adult volunteers, with informed consent and with ethical approval of the Life and Health Sciences Ethical Review Committee of the University of Birmingham. The blood was mixed 9:1 with the anticoagulant citrate-phosphate-dextrose-adenine (pH 7.4; Sigma-Aldrich), which partially chelates Ca 2ϩ but allows leukocyte adhesion to P-selectin and platelet adhesion to collagen. Leukocytes were counted using a Coulter counter (Counter Multisizer II, Coulter Electronics, Luton, UK). Platelets were counted using a hematology cell counter (Pentra 60, Horiba ABX, Northampton, UK). For measurement of hematocrit, a microhematocrit tube filled with blood was centrifuged at 15,000 g for 5 min, and red cell and total column length was measured. Hematocrit of the blood was then adjusted to 40% as follows: if the hematocrit was Ͻ40%, an aliquot was centrifuged for 10 min and a small volume of plasma was removed; if the hematocrit was Ͼ40%, a small volume of plasma was removed and added to a separate aliquot.
Manipulation and Measurement of Rheological Parameters
Suspending phase viscosity. Dextran 40 (Dx40, 40 kDa; SigmaAldrich) was dissolved in PBS (Sigma) at 0, 3.25, 5, 7.5, 10, 12.5, 15, 17.5, and 20% (wt/vol) and sterile-filtered. Aliquots of 2 ml of blood were centrifuged at 750 g for 10 min, and 0.75 ml of plasma was removed and replaced with Dx40 solution (0, 3.25, 5, 7.5, or 10% for leukocyte studies and 3.25, 10, 12.5, 15, or 17.5% for platelet studies). Addition of Dx40 to blood resulted in the abolition of red cell aggregation (see below). An aliquot of the blood was recentrifuged, and the supernatant was harvested. The viscosities of the supernatant (suspending phase) and the blood were measured in a tube viscometer (see below).
Red cell aggregation. Aliquots of 2 ml of blood were centrifuged at 750 g for 10 min, and 0.75 ml of plasma was removed and replaced with 3.25% (wt/vol) Dx40 in PBS to dilute plasma fibrinogen and reduce red cell aggregation, 1.6% (wt/vol) Dextran 500 (Dx500, 500 kDa) in PBS to increase red cell aggregation, or autologous plasma to maintain red cell aggregation. This gave final concentrations of 2% and 1% Dx40 and Dx500 in the fluid phase, respectively. The stock dextran concentrations were chosen to yield viscosities comparable to plasma (1.17 and 1.18 mPa·s, respectively), so that suspending phase viscosity was not altered. Microscopic observations of thin blood films verified that Dx40 abolished aggregation, while Dx500 enhanced red cell aggregation, compared with plasma. The viscosities of the different samples of blood were measured in a tube viscometer (see below).
Red cell rigidity. Red blood cells were treated with glutaraldehyde (Sigma) to increase their rigidity (21) . Blood (10 ml) was centrifuged at 250 g for 10 min, and platelet-rich plasma was removed and stored at room temperature. Alternatively, the blood was centrifuged at 1,000 g for 10 min to obtain a buffy coat, which, along with a few adjacent red blood cells, was suspended in 2 ml of autologous plasma. Remaining cells were washed and resuspended in PBS three times by centrifugation at 1,000 g for 10 min. The buffy coat was discarded between each wash to leave packed red blood cells only. The red blood cells were incubated for 15 min with PBS (control), 0.005% (wt/vol) glutaraldehyde in PBS (reduced deformability), or 0.01% (wt/vol) glutaraldehyde in PBS (rigid). The cells were centrifuged at 1,000 g for 10 min and resuspended in PBS. This process was repeated three times to remove glutaraldehyde. Plasma containing platelets or leukocytes was mixed with Dx40 and packed red blood cells in the proportion 0.45:0.75:0.8 to obtain an expected 40% hematocrit. Dx40 was used to abolish red cell aggregation in all samples, as, otherwise, confounding variation in this parameter would be induced by the treatments. The hematocrit was measured and found to average 39%, with no significant variation between treatments.
The flow properties of the red blood cells were assessed by measuring their filterability using a St. Georges filtrometer (CarriMed, Dorking, UK) and polycarbonate filters with an average pore diameter of 5 m (Nuclepore, Pleasanton, CA). The filtrometer measured the flow rate of 10% (vol/vol) suspensions of red blood cells through the filter at a constant pressure (i.e., 4 cmH 2O) (46) . Incubation in 0.005% glutaraldehyde increased red cell transit time by ϳ30%, while incubation with 0.01% glutaraldehyde caused red blood cells to rapidly block the filter.
Preparation of Capillaries for Perfusion Studies
Microslides [glass capillaries with length (l) ϭ 50 mm, rectangular cross section of width (w) ϭ 1 mm, height (h) ϭ 0.1 mm; CamLab, Cambridge, UK] were coated with 3-aminopropyltriethoxysilane (SigmaAldrich) to produce a surface that bound the protein-adhesive substrates (13) . For studies of leukocyte adhesion, recombinant human P-selectin (10 g/ml in PBS; R & D, Abingdon, Oxfordshire, UK) was incubated in microslides for 1 h at room temperature, and the remaining protein-binding sites were blocked with 2% (wt/vol) BSA in PBS (2% PBSA) for 1 h (3). This concentration of P-selectin was used, as it gave optimal binding levels, with adherent cells rolling at velocities (ϳ10 m/s) similar to those supported by P-selectin on thrombin-treated endothelial cells (23) or TNF-treated mouse venules (26) . On the basis of the stable rolling and its velocity, P-selectin site density was likely similar to that quantified by Lawrence and Springer (27) at ϳ100 sites/m 2 . For studies of platelet adhesion, microslides were coated with equine collagen type I fibrils (Horm collagen, Axis-Shield, Dundee, UK) at 500 g/ml and then with 2% PBSA (9) . After the microslides are coated, individual fibrils can be seen spread across the glass by phase-contrast microscopy, but surface density of receptors is not known. In studies where adhesion was not desired, microslides were coated with 2% PBSA alone.
Blood Perfusion and Evaluation of Shear Rate, Stress, and Blood Viscosity
Microslides were attached to a flow system that allowed blood to be perfused at chosen volumetric flow rates at 37°C, as described elsewhere (4) . In addition, T pieces were attached adjacent to the inlet and outlet of the microslide and connected to a pressure transducer (type 4-4222, Bell & Howell) via silicone tubing. The pressure transducer was attached to MacLab/2s via a MacLab bridge amplifier (AD Instruments), and the pressure was recorded by MacLab Chart software (AD Instruments). The transducer was calibrated using a mercury manometer. This enabled the pressure at the inlet and the outlet to be determined and the pressure drop (dP) along the microslide to be calculated.
The equations for flow of a Newtonian fluid through a rectangular channel have been solved to enable calculation of fluid viscosity from the pressure drop for a given flow rate (14) . Blood is a non-Newtonian fluid, and the equations were used to calculate an "apparent viscosity" ( app, i.e., the viscosity of a Newtonian fluid that would give the same pressure drop for a given flow rate). In general, blood departs from the parabolic profile for a Newtonian fluid with a tendency toward plug flow, especially at low shear rate. For plug flow, the wall shear rate is greater than that predicted for a parabolic flow profile. However, there is no mathematical description of this behavior. Thus the wall shear rate (␥w) for a chosen volumetric flow rate (Q ) was calculated using the simplified equation for parabolic flow of a Newtonian fluid between infinitely wide parallel plates: ␥w ϭ 6Q /wh 2 . The wall shear stress (w) was calculated using the following equation: w ϭ ␥w ϫ app.
The equation used to calculate app (14) includes the measured dP, divided by a shear rate term (which is equal to that for the wall shear rate between infinite parallel plates given above), multiplied by a correction factor (Cf), which is a summed series of terms dependent on the ratio w/h for the rectangular cross section. Combining the equations gives w ϭ (dP/2l)ϫ h ϫ Cf. For w/h ϭ 10 (i.e., the microslides used here), Cf ϭ 0.937. An alternative approach to directly estimate wall shear stress is to calculate the hydraulic diameter of the microslide [4 ϫ area/perimeter or 4(w ϫ h)/(2w ϩ 2h)], a widely used approach to obtain an approximate solution for flow in noncircular tubes. Then the balance of shear drag and driving force for steady flow yields an equation for the uniform wall shear stress in a circular tube with this diameter: w ϭ (dP/2l) ϫ h(w/w ϩ h). For w/h ϭ 10, the last term has the value 0.909. Thus the two methods yield values with a difference of only 3%. More importantly, while both values are approximations to the "true" stress, values calculated are proportional to the pressure drop, which was directly measured. Thus the relative changes in shear stress under the different experimental conditions tested are accurate, if not the absolute ones. The same applies to changes in wall shear rate, although varying the shear rate may vary the velocity profile to some extent. It is likely that, with increasing rate, the flow more closely approaches parabolic flow, and thus the shear rate may not increase as much as predicted. With this proviso, the blood was perfused at shear rates in the range 70 -1,500 s Ϫ1 . To calculate the force applied to cells adhering to the wall, the theory developed by Goldman et al. (17) was used. Equation 3.7a of Goldman et al. gives the relationship between the shear force (F) on a sphere in a uniform shear field, the sphere radius (r) and distance of its center from the wall (z), shear rate and viscosity, and a normalized force (that depends on the ratio z/r). The computed values for the normalized force are tabulated, and for z ϭ r (i.e., contact of the sphere with the wall), the equation collapses to F ϭ 32 ϫ w ϫ r 2 . Here, r was taken to average 4 m for leukocytes and 1.3 m for platelets (the radius of a sphere with volume of 9 fl, equivalent to a platelet).
Analysis of Cell Adhesion and Margination
The fluorescent dye rhodamine 6G was added to blood at 5 g/ml to label leukocytes and platelets (3). We previously showed that rhodamine 6G had no effect on adhesion of leukocytes from flow or rolling velocity at this concentration (5). For leukocytes or platelets, prolonged illumination of the labeled cells can change their behavior (9, 44), so we continually moved to new fields for image recording (see below), spending the minimum of time on each. Microslides were mounted on an upright fluorescence microscope (Olympus BX51) or an inverted fluorescence microscope (Olympus IX70) for observation of the upper or lower surface of the microslide, respectively. Microslides filled with blood are effectively opaque to transmitted light. Initial experiments over a range of shear rates showed that, for leukocyte adhesion to P-selectin or platelet adhesion to collagen, levels of adhesion were essentially identical when the upper or lower surfaces were observed (data not shown). In experiments reported here, adhesion was measured using the upright microscope and margination was analyzed using the inverted microscope to take advantage of the different camera specifications for the different measurements (see below).
Leukocyte or platelet adhesion. Blood was perfused through microslides coated with P-selectin or collagen for 4 min at chosen wall shear rates. Adhesive interactions were recorded along the centerline of the microslide using a video camera (JVC TK-S350) connected to a video recorder. For P-selectin, adherent leukocytes were round; nearly all were rolling slowly across the field and were easily distinguished from free-flowing cells near the wall, which were elongated blurs (Fig. 1A) . Their behavior was recorded for 15 s in eight fields along the centerline of the microslide between minutes 2 and 4 of perfusion. Offline, images were digitized and recorded using ImagePro software (Media Cybernetics, Bethesda, MD), and the number of adherent leukocytes (rolling or stationary) in the first image of each of the eight sequences was counted. The average value was converted to cells per square millimeter using the known image area. As the number of adherent cells increased with the time of blood perfusion, the average count was taken as representative of the value after 3 min. Then, by multiplying the number per millimeter squared by the inner surface area of the microslides and expressing this as a percentage of all the leukocytes perfused in 3 min (known from the flow rate and leukocyte count), an efficiency of adhesion was obtained. Velocity of the rolling cells was calculated by measuring the distance moved in 10 s.
For collagen, individual platelets adhered initially and small aggregates built up over time (Fig. 1B) . Three fields along the centerline of the microslide were video-recorded in quick succession after 1, 2, 3, and 4 min, and the first image in each record was digitized and analyzed using Image-Pro software. The software set a threshold of intensity on a gray scale between 0 and 255, so that adherent platelets became white and other areas became black. The area covered by platelets was expressed as a percentage of the total area of the field. Normalization for variation in platelet count of donors was not performed, as it is not possible to quantify the number of platelets in the nonplanar aggregates. However, in experiments comparing differently manipulated blood samples, the platelet counts were the same in all samples. Normalization was performed for different shear rates to account for different volumes of blood perfused. Binding of platelets via vWF may be promoted at high shear rates by conformational changes to the protein (42, 43) , and adhesion of platelets to surfaceimmobilized collagen or vWF increases with shear rate for a given time of perfusion (41, 50) . However, the increase in surface deposition will arise from increased delivery of platelets in addition to any conformational effect, and it is necessary to correct for the former before comparison between conditions. Here, we noted that platelet coverage increased linearly over the 4 min for shear rates of 300, 900, or 1,500 s Ϫ1 (data not shown). This indicated that coverage could be divided by the volume of blood perfused at any shear rate to obtain percent coverage per milliliter of blood. We routinely analyzed adhesion after 4 min, which gave greater coverage and less variation between repeated experiments.
Near-wall cell concentration (margination) and velocity. For microslides coated with albumin, the numbers of free-flowing cells near the wall were measured, along with their velocities. Digital images were captured using an electron-multiplying charge-coupled device camera (Luca DL-658M-TIL, Andor, Belfast, UK) with short exposure time (0.0005 s) and rapid frame rate (95 s Ϫ1 ). An oil immersion objective with ϫ25 magnification and a numerical aperture of 0.8 (LD LCI Plan-Apochromat, Carl Zeiss, Herts, UK) gave a thin depth of focus (ϳ2 m), but with low enough magnification to include enough cells in a frame for reliable analysis. The short exposure time resulted in images of free-flowing cells that were not blurred, and the rapid frame rate allowed measurement of displacement (hence, velocity). Images were recorded with the objective focused at the vessel wall (assisted by observation of occasional transient adherent platelets).
Five digital sequences of 200 images were recorded for each condition and analyzed using Image-Pro Plus. First, the software set a threshold of intensity, so that leukocytes were left visible. An area filter was set manually to count only leukocytes that were in sharp focus, discriminating against those that were large and out of focus (further into the microslide) and any platelet that was bright enough to be above the threshold. A cell count was done at 10-image intervals using Image-Pro and averaged to obtain the free-flowing near-wall number density. The number was normalized for frame size and leukocyte concentration in the blood sample, resulting in data expressed as free-flowing leukocytes per square millimeter per 10 6 cells in the blood. The leukocyte positions were tracked over several frames, displacement was measured, and velocities were calculated, typically for 5-10 cells in each sequence. For platelets, a lower threshold was set, and particles were counted with a restriction on the upper limit of the radius of the particle to exclude leukocytes and out-of-focus platelets. Allocation of a sample of particles as platelets was checked manually, but counting was done by the software. The numbers of platelets per image, along with the platelet concentration in the blood sample, were used to obtain a normalized value of the marginated platelets, expressed as free-flowing platelets per square millimeter per 10 8 cells in the blood. This normalization was appropriate, because the individual flowing platelets could be counted. In addition, in every 20th frame, three platelets were tracked as for leukocytes, and their velocity was calculated.
The near-wall concentrations and velocities can be used to calculate a near-wall cell flux that may influence attachment. However, because the concentration and velocity may vary independently with the experimental variables, we present data for their effects separately. For instance, increasing shear rate should increase velocity and decrease margination of leukocytes, both of which would be expected to decrease adhesion, while flux might remain relatively constant. In addition, analysis of the independent variables gives insight into the rheological mechanisms underlying changes in adhesion that analysis of flux cannot provide.
Statistical Analysis
Values are means Ϯ SD. Effects of multiple treatments were evaluated using ANOVA followed by Dunnett's test for comparison of individual treatments with control. All tests were performed using Minitab (Minitab, State College, PA).
RESULTS
Blood Rheology
Blood viscosity measured in the 100-m-deep microslides varied, as might be expected with varying shear rate, suspending phase viscosity, degree of red cell aggregation, or level of red cell rigidity (11, 12, 35, 36) . We observed reduction with increasing shear rate (especially between 70 and 300 s Ϫ1 ), linear increase with increasing suspending phase viscosity, increase with increasing red cell aggregation, and increase with increased red cell rigidity (Fig. 2) . Figure 3A shows variation in adhesion of leukocytes and platelets from flowing whole blood as a function of increasing wall shear rate. Adhesion drops away rapidly for leukocytes but much less for platelets. Being larger, leukocytes travel faster at their closest approach to the wall for a given wall shear Fig. 1 . Digitized video images of leukocytes adherent to P-selectin during minute 3 of perfusion at a wall shear rate of 140 s Ϫ1 (A) and platelets adherent to collagen after perfusion for 4 min at a wall shear rate of 900 s Ϫ1 (B). Leukocytes were counted, and their rolling velocity was analyzed. Area coverage by platelets was analyzed after image thresholding. rate, and this should reduce the probability that they will attach. We thus measured cell velocities near the wall of nonadhesive capillaries. To take the differences in velocity for leukocytes and platelets into account, we replotted the adhesion data as a function of cell velocity (5th percentile) measured near the wall (Fig. 3B ). For shear rates Ͼ900 s Ϫ1 , we could not accurately track platelets, and velocities were assumed to increase linearly with shear rate of 1,200 or 1,500 s
Effect of Varying Shear Rate and, Hence, Shear Stress and Cell Velocity Concurrently
Ϫ1
. The discrepancy between adhesion of leukocytes and platelets is reduced but is still great. The 5th percentile was used, because mean velocities were much higher than expected, e.g., for ϳ3-or 8-m-diameter spheres at ϳ0.5 m from the wall, (velocity predicted to approximately equal shear rate ϫ cell radius) (17) . This is probably because the clearly visible measured cells were at varying distances from the wall, so the minimum velocity would better represent cells closest to the wall. Use of the lowest 5th percentile velocity (to avoid inaccuracy based on single slowest cells) yielded values closer to those expected [velocity/shear rate ϭ 4.75 for leukocytes and 2.6 for platelets (average from 3 experiments)].
Two further factors will affect comparative adhesion: 1) even at equal velocity, the force on different-sized cells will be greater for the larger cells, and 2) shear rate may have unequal effects on margination of different-sized cells near the wall. Figure 3C shows adhesion as a function of wall shear stress (shear rate ϫ blood viscosity), which has a form similar to Fig. 3A but slightly compacted because the viscosity decreases slightly with increasing shear rate. Figure 3D shows variation with the force on the cells. This brings the curves much closer together, with platelets appearing more sensitive to force; however, now for a given force, the shear rates and the velocities are higher for the platelets than for the leukocytes.
Interestingly, the number of marginated leukocytes near the wall fell sharply for shear rate increasing from 70 to 140 s Ϫ1 (but not thereafter), whereas platelet margination was insensitive to increases in the range 300 -1,500 s Ϫ1 (Fig. 4) . These data suggest that effects of cell size on near-wall velocity, force on attaching cells, and margination in the bloodstream can contribute to differential adhesion behavior with varying shear rate, but these parameters varied interdependently in these experiments. To try to vary them independently, we analyzed effects of increasing the suspending phase viscosity in the absence of red cell aggregation (to affect force but not velocity or margination), red cell aggregation at constant shear rate (to vary margination at nearly constant velocity and force), and red cell rigidity in the absence of aggregation (to vary packing of red blood cells and the width of the red cell stream).
Effect of Varying Suspending Phase Viscosity and, Hence, Shear Stress at Constant Shear Rate
The suspending phase viscosity was increased by replacement of part of the plasma with Dx40 solution of increasing concentrations, which also abolished red cell aggregation. Increasing the viscosity caused decreasing levels of adhesion, again with leukocytes being more sensitive than platelets (Fig. 5A ). Shear stress is the more directly relevant parameter for adhesion, and Fig. 5B shows adhesion vs. shear stress (shear rate ϫ measured blood viscosity); since the adhesion of the two cell types was tested at different shear rates (140 vs. 900 s Ϫ1 ), this shows an even stronger sensitivity of the leukocytes to increasing stress brought about by increasing viscosity. However, when adhesion is plotted against the calculated force on the cells, the difference nearly collapses and leukocytes were only slightly more sensitive than platelets (Fig. 5C ). Analyzing blood perfused over nonadhesive surfaces, we found that varying the suspending phase viscosity did not significantly alter the number of leukocytes or platelets flowing near the wall (data not shown). These results suggest that the differential sensitivity of leukocytes and platelets to shear stress is largely explained by the differences in size and, hence, force.
Effect of Varying Red Cell Aggregation at Constant Shear Rate
Increasing red cell aggregation slightly increased blood viscosity (Fig. 2C) but promoted leukocyte adhesion (tested at 140 s
Ϫ1
; Fig. 6A ). In contrast, increasing aggregation was associated with decreasing platelet adhesion (tested at 300 s Ϫ1 ; Fig. 6B ). The same trend was found for platelets at 900 s
[e.g., adhesion decreased at a ratio 1:0.64:0.50 for aggregation abolished-normal-enhanced (mean from 4 experiments), P Ͻ 0.01 by ANOVA]. Cell numbers near the wall increased for leukocytes with increasing aggregation but did not change for platelets (Fig. 6, C and D) . For either cell type, aggregation did not significantly alter near-wall velocity, although there was a tendency for velocity to increase (Fig. 6, E and F) . Thus, increasing aggregation increased margination and adhesion of leukocytes, even though viscosity and shear stress increased slightly (ϳ20% at 140 s Ϫ1 ; Fig. 2C ). For platelets, adhesion decreased more than expected for the effect of a small increase in viscosity and shear stress (ϳ12 or 8% at 300 or 900 s Ϫ1 , respectively; Fig. 2 ). The decrease in platelet adhesion with aggregation might be due to widening of the red cell-free layer near the wall in which platelets traveled and, hence, reduction of normal force applied to the wall. 
Effect of Varying Red Cell Rigidity
Next we made red blood cells more rigid in the absence of aggregation, which should expand the red cell column and narrow the red cell-free layer. There was also an increase in viscosity, by ϳ30 -60% at 140 s Ϫ1 or 30 -70% at 300 s Ϫ1 for the two degrees of rigidification [with 0.005 or 0.01% (wt/vol) glutaraldehyde] compared with untreated red blood cells (Fig.  2D) . The increasing rigidity of red blood cells initially promoted leukocyte adhesion but adhesion then fell away sharply (Fig. 7A) . However, for platelets at 300 s Ϫ1 , a monotonic, slight, but significant, increase in adhesion was observed (Fig.  7B) . A similar effect was found for platelets at 900 s Ϫ1 [e.g., adhesion increased at a ratio of 1:1.21:1.25 for red cells normal-reduced deformability-rigid (mean from 4 experiments), P Ͻ 0.05 by ANOVA]. In cells flowing near the wall of nonadherent capillaries, the number marginated decreased for leukocytes and platelets (Fig. 7, C and D) , and cell velocity increased with increasing rigidity (Fig. 7, E and F) . Thus, at moderate red cell rigidity, leukocyte adhesion increased when margination was little affected; for more rigid red blood cells, margination fell, as did adhesion. For platelets, adhesion was slightly increased, even though numbers near the wall decreased and velocity increased steadily.
DISCUSSION
Here, for the first time, we have carried out a parallel investigation of the rheology of adhesion of leukocytes and platelets from flowing whole blood. Some elements of the study reproduce and support previous findings on the shear dependence of adhesion of leukocytes and platelets from flowing blood (3, 41, 50) and of the tendency for red cell aggregation to increase margination and adhesion of leukocytes (18, 32, 34) . However, by newly analyzing the effects of varying shear rate and stress independently (by manipulating flow rate and suspending phase viscosity), we have been able to show that cell size critically affects the attachment process by influencing velocity and, especially, force experienced by cells at the vessel wall. Moreover, in the case of red cell aggregation, the effects on adhesion of leukocytes and platelets are opposite, and the effects of increasing red cell rigidity also differ. These studies lead us to conclude that cell size also affects delivery to the wall through its expected effect on margination (in agreement with known size dependence of particle migration away from the wall in axial flow) and also a differential effect on interaction with the near-wall, red cell-depleted layer. We suggest that the normal force exerted by red blood cells on small particles, such as platelets, will decrease when the depleted layer increases in depth (on aggregation) but increase when it is narrowed (e.g., by increasing red cell rigidity). These effects will be less evident for larger cells, i.e., those with a diameter that generally exceeds the layer depth. The overall conclusion is that structure is adapted to adhesive function at the level of cellular morphology (rather than via receptor kinetics) and that variation in interaction with blood rheology contributes to different behavior in different vessels (e.g., enabling adhesion of platelets in arterial, rather than venous, flow and vice versa for leukocytes).
The effects of variation in cell size on recruitment thus can be considered conveniently as direct or indirect. Direct effects arise from dependence of cell velocity close to the wall before attachment on cell size and the even stronger dependence of the force applied to a cell attaching to the wall on size. Indirect effects arise from the dependence of margination on cell size and from the fact that the cell-free layer at the wall is narrow, being generally on the order of or larger than platelet diameter and equal to or smaller than leukocytes. In other words, efficiency of attachment and efficiency of delivery critically influence recruitment, and both are dependent on cell size. If attachment is efficient under a given condition, then recruitment will be critically supply-limited; a high level of supply will not be effective if hemodynamics disallow bond formation.
Considering direct effects, the smaller cells have centroids closer to the wall before attachment and are effectively traveling in a slower fluid layer. Theoretically, velocity is proportional to cell diameter for a sphere adjacent to the wall in a linearly varying-velocity flow field (17) . The velocity will affect probability of bond formation in what is effectively a stochastic interaction between receptor and ligand (20) . Formation of a bond inevitably slows the cell, so that shear drag is applied, which tends to disrupt the formed bond (10). This force is predicted to be proportional to diameter squared for a sphere (17) . In the current experiments, correction of adhesion for force brought behavior of the two cell types much closer together than correction for velocity. This suggests that force is the critical factor or that formation of bonds may be effective over a wider range of conditions than survival of the bonds. Nevertheless, it is difficult to separate these effects unequivocally, as rate and stress typically vary together, and both can also affect red cell aggregation. Thus effects of varying shear rate alone would depend not only on changes in cell velocity and force, but also on covariation of red cell aggregation. Here, for the first time, we specifically altered suspending phase viscosity at constant hematocrit and in the absence of aggregation (to avoid any input from these confounding factors). In vivo, different regions will experience different stress and red cell aggregation together, and the latter may also vary physiologically and pathologically because of variation in plasma fibrinogen concentration. We thus also studied effects of aggregation independently of other variables.
As expected, increasing red cell aggregation increased margination and efficiency of adhesion of leukocytes. The dependence of leukocyte margination on red cell aggregation has been well studied (18, 32, 34) , and we also previously showed increased adhesion associated with increased aggregation in previous work (4). For platelets, however, increasing aggregation had little effect on the number that marginated near the wall but reduced the number that adhered. This has not been demonstrated previously, although a redistribution between the central and outer regions was seen using intravital microscopy in microvessels of the rabbit mesentery (52). We did not see a reduction in the number of platelets in the shallow region in these studies (cells were only visible in approximately the first 15 m into the blood). Our results suggest that the number near the wall was not the critical factor (and, indeed, platelets should be marginated by larger red blood cells with or without aggregation) but that aggregation causes a widening of the cell-depleted layer in which the marginated platelets resided, and so normal force applied by red blood cells was less effective in promoting attachment. To test this hypothesis further, we evaluated the effect on adhesion of increasing red cell rigidity, since this has been shown to narrow the depleted layer (48) . Although this may be a "nonphysiological" manipulation, it may be relevant to pathologies such as sickle cell disease. We monitored the effect on viscosity and, hence, wall shear stress, which were expected to depend on cell rigidity. Nonaggregating medium was used, because aggregation is also dependent on red cell mechanics (31) and would, otherwise, be a confounding factor. The results were complex. Mild rigidification encouraged leukocyte adhesion while having little effect on margination and increasing velocity near the wall slightly. Further rigidification caused a drop in adhesion, a reduction in margination, and a further increase in velocity of the few visible leukocytes. For platelets, adhesion tended to increase with increasing red cell rigidity, while numbers adjacent to the wall decreased and, again, velocity increased. In general, increasing velocity near the wall for constant volumetric flow suggests increasing development of plug flow (with uniform velocity and lack of shear in the central flow) and high shear rate near the wall (4). Increasing rigidity is also expected to inhibit alignment and elongation of flowing red blood cells and, hence, increase blood viscosity. We observed clear increases in apparent viscosity and, hence, wall shear stress when the red blood cells were rigidified. Increased near-wall velocity and shear stress would be expected to reduce adhesion. In spite of this and the decreasing numbers marginated, platelet adhesion actually became slightly more effective. This result supports the proposal described above: that platelets at the edge would be more effectively pushed onto the wall when the cell-depleted layer narrows. For leukocytes, there may be an analogous increase in normal force initially, but severe rigidification presumably reduced margination and increased velocity and shear force sufficiently to cause a net loss in attachment for the cells that were much larger than the depletion layer. The increase in adhesion of platelets with increasing red cell rigidity is in agreement with observations by Aarts et al. (1) , who used various treatments to increase or decrease red cell deformability. Rigidity was not directly tested but, rather, inferred from measurement of blood viscosity. Nevertheless, our approach yielded changes in viscosity and platelet adhesion within the range measured in the study of Aarts et al. They attributed increased adhesion to increased transport of platelets to the wall, but they did not analyze distribution of platelets, and our margination data do not support that conclusion. They also found the effect of increasing rigidity to be greater at higher shear rates. This might arise from lesser disturbance of flow by rigid red blood cells at high shear rate, since we found that the relative effect of rigidity on blood viscosity and, hence, shear stress decreased with increasing shear rate (calculations using data in Fig. 2D ).
We could not measure the depth of the cell-depleted layer with our apparatus. In general, the depth depends on vessel size, shear rate, and the rheological properties of the blood, including red cell aggregation and rigidity (see Ref. 25 for review). In glass tubes of similar dimensions to those used here, depth in aggregating blood was ϳ5-10 m at the lowest shear rates used here and was reduced to ϳ2 m when shear rate was increased; when aggregation was inhibited, the depth was Ͻ5 m, regardless of shear rate (18, 35) . Cell-depleted layers have also been measured using intravital microscopy in animals. In Ͻ50-m-diameter vessels, depth was ϳ10 -15% of radius, decreasing with increasing shear rate (24) or increasing if red cell aggregation was enhanced (45) . In larger (ϳ90-mdiameter) vessels, depth was ϳ7 m at low shear rates and decreased to ϳ4 m with increasing shear rate. In rabbits perfused with human red blood cells, in nonaggregating medium the depth was only ϳ2 m and was reduced by rigidification of the cells, although this was in 40-m-diameter vessels. These studies were mainly concerned with the effects of the depleted layer on flow resistance. Inward migration of the red blood cells was linked to margination of leukocytes in one study (18) , but combined studies of depletion layer depth and adhesion have not been carried out to our knowledge. However, the above-mentioned observations indicate that the platelets near the wall travel in a zone depleted of red blood cells, the depth of which is similar to their diameter but greater at low shear rates or when aggregation increases and smaller if red blood cells are rigid. The depth rarely reaches the size of leukocytes. Thus, although we could not directly test the hypothesis that its magnitude relative to cell size differentially influenced leukocyte and platelet adhesion, the available observations are consistent with this hypothesis.
A novel instrumental aspect of this study was that flow rate was controlled and pressure drop was independently measured. This is an advantage, as no assumption about the existence of parabolic flow or depletion layer is actually required to yield information on changes in magnitude of wall shear stress (which are proportional to pressure drop), and apparent viscosity was measured in the actual device. Changes in apparent blood viscosity with the various manipulations were as expected from established literature (11, 12, 35, 36) . This indicates that behavior in the rectangular capillaries followed that detected in circular tubes or larger-scale uniform-shear viscometers. The values for shear stress calculated from pressure drop and channel dimensions were based on the theory of flow of a Newtonian fluid in a rectangular tube (14) . Similar averaged values over the channel surface are obtained from a simple calculation based on balance of forces in a tube with diameter equal to the hydraulic diameter of the microslides used. While in reality the fluid was non-Newtonian and stress will have varied across the channel, the relative stress everywhere will be linearly related to the measured pressure drop. Thus, while absolute values retain some uncertainty, effects of relative variation in shear stress described here should be accurate.
To convert shear stress to force on a cell, we used theory for a sphere near the wall in a uniform shear field (17) , which is again an approximation. House and Lipowsky (22) calculated forces on adherent leukocytes in postcapillary venules of cats by measuring pressure drop along vessel segments with known numbers of firmly adherent cells. The ratio of force to wall shear stress was computed for different-sized vessels and was found to decrease as vessel diameter increased. The channel used here is larger than those venules, but the ratio from the Goldman equation (F/ w ϭ 32r 2 ) yields a value (ϳ5 ϫ 10 Ϫ10 m 2 ) that is close to the value for the largest vessels analyzed by House and Lipowsky. In addition, the forces calculated here (ϳ10 Ϫ10 N) are within the range calculated in the study of House and Lipowsky and in analyses of leukocytes rolling in venules (7). House and Lipowsky also showed that, with increasing shear stress, the increasing deformation of adherent leukocytes led to a decrease in the force. The cells studied here were rolling and did not appear to undergo great deformation, but we could not tell whether they were flattened toward the surface. It is possible, therefore, that the changes in force applied to cells with increasing shear stress are less than those estimated here. However, our analysis is more concerned with the proportion of cells initially becoming attached, where deformation should play a lesser role. Overall, therefore, the conditions and analysis applied here appear to be relevant to adhesion in the microcirculation.
In the context of platelet adhesion, shear stress may have additional effects through changes in conformation of vWF (see Refs. 28 and 39 for review). High levels of shear rate and stress can elongate vWF and increase its affinity for platelets and/or collagen (42, 43) . Platelet deposition on immobilized collagen or vWF increased with increasing shear rate after a fixed period of perfusion (41, 50) , but this may arise from greater delivery of platelets to the surface, as well as any conformational effect. Here, platelet coverage increased with shear rate for a given time of perfusion, as expected. However, normalized adhesion (percent coverage per milliliter of blood perfused) did not increase with shear rate or stress but was initially relatively insensitive to variation in these parameters compared with adhesion of leukocytes (even after correction for velocity or force). Thus it is possible that changes in conformation of deposited vWF contribute to shear insensitivity of platelet adhesion, as well as their size, although it is difficult to prove this. In our studies of suspending phase viscosity or red cell rigidity, the plasma was diluted with dextran solutions, and so vWF concentration was less than in whole blood. It was constant within those experiments. The levels of platelet coverage did tend to be lower than for comparable shear rates or stresses in whole blood, when one considers that dextran abolished red cell aggregation (which itself should promote adhesion). In other experiments, aggregation was abolished or enhanced by addition of different dextrans. vWF was equally diluted but now lower than the "normal aggregation" sample, which had plasma only. In this case, the difference in adhesion between abolished and enhanced aggregation can be unequivocally linked to that parameter, but the relative position of the control between the two is not certain. Overall, however, conclusions drawn remain valid, and there is evidently sufficient vWF in the plasma to support efficient platelet adhesion, even when it is diluted by ϳ60%.
In conclusion, our results suggest that platelets are so small, because this suits their function. They are able to adhere at high shear rates, because their velocity and, especially, the force they experience are minimized. In addition, margination is effective at all shear rates, as they are the smallest particles in the blood. In fact, efficiency of contact may go down at low shear rates because of their size relative to the cell-free layer that develops, reducing the normal force. This would be desirable to avoid thrombosis in veins, and indeed thrombi in these regions are typically "red" and low in platelet content (37) . Leukocytes cannot adhere at high shear and are recruited in venules with low shear. In inflammation, when aggregation increases because of increase in fibrinogen and reduction of venous flow rates, adhesion may be enhanced through enhancement of margination, while the leukocytes remain larger than the red cell-depleted layer. Thus differences in cell morphology can be seen as adaptations for different functions in veins and arteries. Comparative physiology still presents some puzzles, however, since thrombocytes (which may have immune and hemostatic functions) are large in fish, and red cell aggregation varies widely even between mammals (e.g., being present in humans, but not in rats). Nevertheless, our results do suggest an advantage of red cell aggregation, which has hitherto been of uncertain physiological significance. Effects of aggregation on blood viscosity and flow resistance are complex, tending to increase resistance in horizontal tubes (as also found here) but to reduce it in vertical tubes (35) . However, aggregation may not only be useful for promoting leukocyte adhesion in inflammation but inhibit platelet adhesion in veins prone to thrombosis. Finally, while the changes in red cell rigidity tested here would not normally influence behaviors, the experiments did support the concept that adhesion of small particles will be promoted by a narrowing of the red celldepleted layer and increase in normal force. Moreover, in conditions such as sickle cell disease, thrombosis is known to be increased (16) and abnormal red cell rigidity might contribute to platelet deposition. 
